ABSTRACT: Six ruminally and duodenally cannulated sheep were used in a partially replicated 4 × 4 Latin square to evaluate the effects of 4 diets on microbial synthesis, microbial populations, and ruminal digestion. The experimental diets had forage to concentrate ratios (F:C; DM basis) of 70:30 (HF) or 30:70 (HC) with alfalfa hay (A) or grass hay (G) as forage and were designated as HFA, HCA, HFG, and HCG. The concentrate was based on barley, gluten feed, wheat middlings, soybean meal, palmkern meal, wheat, corn, and mineral-vitamin premix in the proportions of 22, 20, 20, 13, 12, 5, 5, and 3%, respectively (as-is basis). Sheep were fed the diets at a daily rate of 56 g/kg of BW 0.75 to minimize feed selection. High-concentrate diets resulted in greater (P < 0.001) total tract apparent OM digestibility compared with HF diets, but no differences were detected in NDF digestibility. Ruminal digestibility of OM, NDF, and ADF was decreased by increasing the proportion of concentrate, but no differences between forages were detected. Compared with sheep fed HF diets, sheep receiving HC diets had less ruminal pH values and acetate proportions, but greater butyrate proportions. No differences among diets were detected in numbers of cellulolytic bacteria, but protozoa numbers were less (P = 0.004) and total bacteria numbers tended (P = 0.08) to be less for HC diets. Carboxymethylcellulase, xylanase, and amylase activities were greater for HC compared with HF diets, with A diets showing greater (P = 0.008) carboxymethylcellulase activities than G diets. Retained N ranged from 28.7 to 37.9% of N intake and was not affected by F:C (P = 0.62) or the type of forage (P = 0.31). Microbial N synthesis and its efficiency was greater (P < 0.001) for HC diets compared with HF diets. The results indicate that concentrates with low cereal content can be included in the diet of sheep up to 70% of the diet without detrimental effects on ruminal activity, microbial synthesis efficiency, and N losses.
INTRODUCTION
The price of cereals and traditional protein concentrates (e.g., soybean meal) has risen steadily in the European Union in the last years, leading to increased cost of animal feeding. Substitutes for this type of feeds have become a priority for livestock producers. In practical feeding of sheep in some Mediterranean countries, there is now a tendency to formulate low cereal content concentrates with high fiber content. However, this type of concentrate is being used in practical feeding without having actual research-based information about its nutritive value. In addition, concentrates are fed with forages, and the nutrient supply to the animal will be affected by the forage source in the diet (Kinser et al., 1988; Mertens, 1997) .
Microbial protein has a good balance of essential AA, and its synthesis in the rumen should be optimized (Hoover and Stokes, 1991; Brito et al., 2006) . Optimization of microbial protein synthesis should increase the efficiency of N utilization and reduce N urinary excretion, which constitutes a major source of N pollution from livestock farms. Because forages and concentrates differ in their rates and extents of ruminal digestion, their ability to support microbial protein synthesis in the rumen usually differ. Our hypothesis was that decreasing the forage:concentrate ratio (F:C) in the diet Microbial protein synthesis, ruminal digestion, microbial populations, and nitrogen balance in sheep fed diets varying in forageto-concentrate ratio and type of forage of sheep would increase microbial N flow (MNF) to the duodenum, but the response to F:C ratio changes might be influenced by the forage component of the diet. Although much work has been done to investigate the effects of F:C in the diet of sheep on MNF, most of the studies have been conducted with cerealbased concentrates (Pérez et al., 1996; Carro et al., 2000; Brossard et al., 2003) . The objective of this study was to investigate the effects of F:C ratio and type of forage (FOR) in the diet on MNF, ruminal digestion, microbial populations, and N balance in sheep fed diets containing a low-cereal concentrate with high fiber content. The diets were formulated to be representative of those used currently in sheep practical feeding in some Mediterranean countries.
MATERIALS AND METHODS
Sheep were cared and handled in accordance with the Spanish Animal Care Regulations, and the experimental protocols were approved by the León University Institutional Animal Care and Use Committee.
Animals and Diets
Six ruminally and duodenally cannulated Merino sheep (59.0 ± 4.5 kg of BW) were used. Sheep were housed in individual pens and had continuous access to fresh water and vitamin/mineral block over the experimental period. Four total mixed diets were formulated following NRC (1985) guidelines according to a 2 × 2 factorial arrangement of treatments. The experimental diets had F:C ratios (DM basis) of 70:30 (HF) or 30:70 (HC) with alfalfa hay (A) or grass hay (G) as forage source, and these were designated as HFA, HCA, HFG, and HCG. Ingredients and chemical composition of diets are shown in Table 1 . The alfalfa hay was a second-cut harvested at 30% flowering and contained 91.3% DM, 2.67% N, 46.6% NDF, and 33.1% ADF (DM basis). The grass hay consisted primarily of perennial ryegrass (81%), red and white clover (11%), and other grasses (8%); was harvested at post-flowering stage; and contained 93.3% DM, 1.46% N, 56.9% NDF, and 28.6% ADF (DM basis). The concentrate contained 91.4% DM, 3.04% N, 33.5% NDF, and 12.5% ADF (DM basis). Diets were offered to the animals twice daily (0800 and 2000 h) at a daily rate of 56 g of DM/kg of BW 0.75 to minimize feed selection. This level of intake was estimated to meet 1.2, 1.4, 1.1, and 1.3 times the energy maintenance requirements of the experimental sheep for HFA, HCA, HFG, and HCG diets, respectively (NRC, 1985) .
Experimental Procedure and Sampling
The experimental design was a partially replicated 4 × 4 Latin square with 4 dietary treatments, 4 periods, and 6 sheep. Diet and microbial protein synthesis in sheep weekly. Composited samples of refusals were based on daily amounts of refusals per sheep. Samples were dried at 55°C in an oven for 48 h and ground using a Culatti grinder (model DFH 48, Culatti, Zurich, Switzerland) with a 1-mm screen before chemical analyses.
Digestibility, N Balance, and Microbial N Flow
On d 13, sheep were moved to metabolism cages equipped for quantitative collection of feces and urine separately. After 2 d of adaptation, feces and urine voided by each sheep in 12 h were quantitatively collected for 6 d. An aliquot (10%) of total fecal output was collected each day for digestibility determination and dried at 55°C to constant weight before analysis. Urine was collected in a solution of 3.6 M H 2 SO 4 to keep the pH below 3. The volume of urine at each sampling was determined, and a subsample (20%) was taken for each sheep and frozen until analyzed for total N. Samples of feces and urine were pooled for each sheep to form composite samples.
Chromium-mordanted fiber and Co-EDTA were used as solid and fluid phase markers, respectively, to assess the duodenal flow of digesta, and 15 N was used as a microbial marker. Chromium-mordanted fiber was prepared from the total mixed diets given to the animals according to Udén et al. (1980) . From d 18 to 26, 15 g of Cr-mordanted fiber were administered daily via the ruminal cannula into 4 equal portions at 0800, 1400, 2000, and 0200 h. Cobalt-EDTA (Udén et al., 1980) and 15 NH 4 Cl (10% atom excess; Tracer SA, Madrid, Spain) were dissolved in distilled water and infused into the rumen (250 mL/d) at constant daily rate of 60 mg of Co and 30 mg of 15 N by means of a peristaltic pump (Gilson Minipuls Evolution, Gilson Inc., Middleton, WI).
On d 23, 24, and 25, duodenal digesta samples were collected at 6-h intervals. The sampling time was adjusted ahead 2 h daily to obtain a sample representative of daily duodenal flow. Samples were pooled by sheep and stored at −20°C. Duodenal samples were thawed at 4°C, homogenized, and one-half of each sample was centrifuged (1,000 × g, 5 min, 4°C) to obtain particulate matter (Faichney, 1975) . Both samples of whole duodenal digesta and particulate matter were freezedried and analyzed for ash, nonammonia N (NAN), NDF, ADF, and 15 N. On d 26, about 200 g of rumen contents were withdrawn from each sheep at 0, 4, and 8 h after the morning feeding. Rumen contents were squeezed through 4 layers of cheesecloth, and the solid digesta was combined with an equal volume of saline solution (0.9% NaCl) at 38°C, mixed gently, and squeezed again to remove residual liquid-associated bacteria (LAB). The filtrate obtained at each sampling time was kept at 4°C, pooled per sheep, and used to isolate LAB by differential centrifugation (Ranilla and Carro, 2003) . The solid digesta was treated with saline solution (0.9% NaCl) containing 0.1% methylcellulose as described by Ranilla and Carro (2003) 
Plasma Metabolites, Ruminal Fermentation Characteristics, and Microbial Populations
On d 28 of each period, blood samples (3 mL) were collected 4 h after the morning feeding from each sheep via jugular venipuncture into heparinized tubes (BD Vacutainer, Becton Dickinson, Madrid, Spain). Samples were centrifuged (1,000 × g for 15 min at 4°C), and the plasma was immediately frozen (−20°C) until determination of glucose, urea-N, lactate, and lactate dehydrogenase. In addition, about 300 g of ruminal contents was taken through the cannula of each sheep, strained through 4 layers of cheesecloth, and 1 mL of the fluid was diluted through a series of tubes containing 9.0 mL of anaerobic dilution solution (Dehority, 1969) . Using the 10 −6 through 10 −11 dilution tubes, 1 mL was placed in each of 3 tubes containing the Most Probable Number media and 24-h ball-milled cellulose (Sigmacell-20, Sigma-Aldrich Chemical S.A., Madrid, Spain). Tubes were incubated at 39°C for 15 d. Total and cellulolytic bacteria concentrations were determined from the decrease in pH and by visual loss of cellulose, respectively, according to the Most Probable Number procedure for enumerating bacteria described by Dehority et al. (1989) .
On d 30, ruminal content samples (about 50 g) were taken through the cannula of each sheep at 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 , and 22 h after the morning feeding. Ruminal content was strained through 4 layers of cheesecloth, the pH of the fluid was immediately measured, 5 mL of fluid were added to 5 mL of deproteinizing solution (100 g of metaphosphoric acid and 0.6 g of crotonic acid per L) for VFA analysis, 2 mL was added to 2 mL of 0.5 M HCl for NH 3 -N determination, and 5 mL was frozen at −20°C for total lactate analyses. At 0, 4, and 8 h sampling times, 2 additional samples were taken. Five milliliters of ruminal fluid was added to 5 mL of methylgreen-formalin solution (Ogimoto and Imai, 1981) and stored at room temperature in the dark until protozoa counting, and 5 mL were immediately frozen at −80°C for determination of carboxymethylcellulose, xylanase, and amylase activities.
Analytical Procedures
Procedures for analysis of DM, ash, N, NDF, ADF, VFA, NH 3 -N, and lactate have been described previously (Carro et al., 2006) . For determination of enzymatic activities in ruminal fluid samples, cells were lysed using a Mini-Beadbeater (BioSpec Products Inc., Bartlesville, OK) to release intracellular enzymes. Cell material was removed by centrifugation (10,000 × g, 10 min, 4°C), and the supernatant was used for analyses. Carboxymethylcellulase (EC 3.2.1.4.), xylanase (EC 3.2.1.8.), and amylase (EC 3.2.1.1.) activities were determined as described by Giraldo et al. (2008) using carboxymethylcellulose, oat spelt xylan, and soluble starch, respectively, as substrates. Enzymatic activities were expressed as micromoles of glucose or xylose released from the corresponding substrates by 1 mL of ruminal fluid in 1 min at 39°C and pH 6.5.
Ciliate protozoa in preserved rumen fluid samples were counted using a Neubauer Improved Bright-Line counting cell (Hausser Scientific, Horsham, PA). Family Isotrichidae and Family Ophryoscolecidae (including subfamilies Entodiniinae, Diplodiniinae, and Ophryoscolecinae) were identified following descriptions by Dehority (1993) , and their numbers were separately recorded. Duplicate preparations of each sample were counted, and if either value differed from the average by more than 10%, the counts were repeated.
Marker (Co, Cr) concentrations in whole and solid duodenal samples were analyzed by atomic emission spectrophotometry (AES-ICP, Perkin Elmer 2000 DV, Uberlingen, Germany) after wet digestion according to Williams et al. (1962) . Wavelengths for Cr and Co were 268 and 228 nm, respectively, and values were corrected for concentrations of Cr and Co determined in each sheep before markers infusion. Procedures for NAN and 15 N analysis in feeds, digesta, and bacterial isolates have been reported by Carro and Miller (1999) , and analyses of 15 N enrichment were performed by isotope ratio mass spectrometry (VG PRISM II, Middlewich, UK) connected in series to a Dumas-style N analyzer (model 1108, Carlo Erba Instruments, Milan, Italy). Plasma concentrations of glucose, urea-N, lactate, and lactate dehydrogenase were determined by automated enzymatic methods adapted to a Cobas Integra 400 plus Analyzer (F. Hoffmann-La Roche Ltd., Basel, Switzerland).
Calculations and Statistical Analyses
Duodenal flow was calculated from the concentrations of Cr and Co in duodenal digesta phases using the dualphase maker method of Faichney (1975) . Samples were mathematically reconstituted to create a representative sample from the concentrations of each analyzed nutrient in each of the duodenal phases (Faichney, 1975) .
The flows of LAB-N and SAB-N at the duodenum were calculated using 15 N as a microbial marker and LAB and SAB as reference bacteria, respectively, as follows:
× ( 15 N atom% excess in digesta/ 15 N atom% excess in bacterial reference).
The natural 15 N content in diets before 15 N infusion was used for background correction. Efficiency of microbial growth was calculated as grams of microbial N per kilogram of OM apparently fermented in the rumen.
Data were analyzed as a mixed model using the PROC MIXED (SAS Inst. Inc., Cary, NC). The effects of dietary treatments (F:C and FOR) and period were considered fixed, and sheep effect was considered random. Ruminal variables (pH, VFA, NH 3 -N, and lactate), enzymatic activities, and protozoa numbers in ruminal fluid were analyzed as repeated measures. The statistical model used included F:C, FOR, F:C × FOR, period, time, F:C × time, FOR × time, and F:C × FOR × time as fixed effects, and sheep as a random effect. Data for each variable were analyzed using compound symmetry, unstructured, and autoregressive covariance structures, and the one that produced the minimum Akaike's information criterion was chosen. Effects were declared significant at P < 0.05, and P < 0.10 was considered a trend and discussed.
RESULTS AND DISCUSSION
In this study diets were offered to the animals at a restricted level of intake to minimize feed selection. Although sheep are fed conventionally at greater levels of intake, under special circumstances (i.e., shortage of feed or management constraints in large production units) diets may be offered at restricted levels. These conditions may be found in semi-arid regions of some Mediterranean areas.
Intake, Digestibility, Ruminal Fermentation, and Microbial Populations
There were no effects of F:C (P = 0.93) or FOR (P = 0.62) on sheep BW over the trial, with mean values of 59.3, 59.3, 59.0, and 59.1 kg for HFA, HCA, HFG, and HCG diets, respectively (results not shown). As shown in Table 2 , DMI was not affected by F:C (P = 0.22), but it was less (P = 0.002) for diets containing G compared with A diets. The greater intake of A diets may have been due to a greater palatability of A compared with G, and to differences in chemical composition and digestibility between both forages, because forage legumes usually have less cell wall content, greater ruminal degradability, and faster digestion and passage rates compared with grasses (Wilson and Kennedy, 1996) . Because diets differed in their chemical composition, NDF (P = 0.009) and ADF (P < 0.001) intakes were less for HC diets than HF diets.
Increasing levels of concentrate in the diet of ruminants usually result in increased total tract DM and OM digestibility, but fiber digestibility can be reduced, especially when grain-based concentrates are fed (Archimède et al., 1997; Carro et al., 2000) . In the present study, HC diets had greater OM (P < 0.001) and CP (P < 0.03) apparent digestibilities compared with HF diets, but NDF digestibility was not affected (P = 0.61). In contrast, total tract ADF digestibility was less (P = 0.02) for HC compared with HF diets.
In the current study, OM apparently digested in the rumen ranged from 49.5 to 58.9% of OM intake and was less (P < 0.001) for HC diets compared with HF diets, but no effects (P = 0.33) of FOR were detected. The decreased (P < 0.001) ruminal NDF and ADF digestibility observed in HC-fed sheep could be due to the decreased (P = 0.005) pH values found in the rumen of these sheep compared with those fed HF diets (Table 3) . Although pH did not drop below 6.0 at any sampling time for HF diets, values were below 6.0 at 2 and 4 h after each feeding for HCA and HCG ( Figure  1 ). This supports the hypothesis that fiber digestion may have been reduced because of greater fluctuation of ruminal pH (Cerrato-Sánchez et al., 2007) because maximal pH values were similar among diets ( Figure  1 ). However, it seems that the reduction in NDF digestion in the rumen observed for HC diets was compensated by greater NDF degradation in the hindgut, thus resulting in a lack of differences among diets in total tract NDF digestibility ( Table 2) .
The reduced (P < 0.001) NH 3 -N levels observed in sheep fed G diets may have been due to the decreased N intake, but might also suggest decreased protein degradation compared with sheep receiving A diets. The NH 3 -N concentrations for HFG diet at 6 h after feeding were below 50 mg/L, but NH 3 -N concentrations in sheep fed the other 3 diets were above 100 mg/L at all sampling times (data not shown). Ruminal lactate concentrations were not affected by F:C (P = 0.17) or FOR (P = 0.48), and the values were less than those reported by others in sheep in latent acidosis fed HC diets (Mackie et al., 1978; Brossard et al., 2003) . It is probable that the moderate level of feeding and the nature of the concentrate used in the present experiment (containing 33.5% NDF and only 32% cereal grains; Table 1 ) prevented the rapid fall in pH that is characteristic of animals given larger amounts of cereal grains. The fact that animals received mixed diets could have reduced the negative effects on pH usually observed by the fermentation of HC diets because mixed diets tend to minimize the daily variations in rumen pH (Mould, 1988) . The supplementation of forage diets with readily fermentable carbohydrates usually result in increased total ruminal VFA concentrations (Pérez et al., 1996; Nocek, 1997) , but a lack of response to different F:C ratios in the diet has also been observed (Carro et al., 2000) . In our study, total VFA concentrations were greater (P = 0.04) for HF compared with HC diets, and concentrations in sheep fed A diets were greater (P < 0.001) than in those receiving G diets. The greater VFA concentrations observed in sheep fed A diets may have been due to the greater intake of A compared with G diets (Table  2 ) because no differences were observed in the apparent ruminal digestibility. In addition, VFA concentrations do not necessarily reflect VFA production and absorption rates. Increasing F:C ratios resulted in greater (P < 0.001) acetate and propionate proportions and less (P < 0.001) butyrate proportions. The effect of F:C ratio on the VFA profile is not clear in the literature. In some studies (Mackie et al., 1978; Carro et al., 2000) decreasing F:C ratio increased the proportions of propionate and butyrate at the expense of acetate, but in others it increased butyrate at the expense of acetate and propionate (Brossard et al., 2003) . Acetate:propionate ratio was not affected by F:C ratio (P = 0.21), but it was greater (P < 0.001) for A than for G diets. The greater (P < 0.001) concentrations of isobutyrate, isovalerate, and valerate observed with A diets might be due to a more extensive protein degradation compared with G diets because these branched-chain VFA are produced by the fermentation of branched-chain AA.
The reduced acetate proportion and ruminal fiber digestibility observed for HC diets compared with HF diets might indicate a reduced growth or activity of cellulolytic bacteria in HC-fed sheep. The numbers of cellulolytic bacteria were not affected by F:C (P = 0.40; Table 2), which is in agreement with other results (Mackie et al., 1978; Leedle et al., 1986) showing that the number of cellulolytic bacteria, determined by the classical culture-based techniques (Hungate, 1966; Dehority, 1969) , remained stable when concentrate proportion in the diet increased. However, the number of cellulolytic bacteria in our study was determined in ruminal fluid, but most of cellulolytic bacteria in the rumen are attached to feed particles (Stewart et al., 1997) . Total bacteria tended (P = 0.08) to be less in sheep fed HC diets than in HF-fed sheep.
Total protozoa numbers were in the range of those previously reported for sheep (Santra et al., 1998; Brossard et al., 2004 ; Table 4 ). Our results are in accordance with the decrease of protozoa numbers in the rumen after feeding observed in other studies (Santra et al., 1998; Brossard et al., 2004) , due to their sequestration and to the dilution effect of saliva secretion (Dehority, 2003) . Total concentration of protozoa in ruminal fluid generally increases with the addition of concentrate to forage diets (Franzolin and Dehority, 1996; Brossard et al., 2003) , but feeding high-grain diets can result in reduced protozoa numbers or even defaunation (Hristov et al., 2001 ). In our study, increasing concentrate from 30 to 70% in the diet with A as forage increased protozoa numbers by 48% (mean value for all sampling times), but this effect was not observed for G diets. These results indicate that changes in protozoa populations in response to increasing proportions of concentrate in the diet can be influenced by the basal forage.
In agreement with the literature (Franzolin and Dehority, 1996; Hristov et al., 2001; Dehority, 2003) , Entodiniinae represented 91.1, 89.7, 92.0, and 89.0% of total protozoa for diets HFA, HCA, HFG, and HCG, respectively (values averaged across sampling times), and their proportion was not affected by F:C ratio (P = 0.11) or FOR (P = 0.69). In general, a reduction in Isotrichidae, Diplodiniinae, and Ophryoscolecinae numbers has been reported by feeding HC diets, due to the low ruminal pH values usually found in ruminants fed HC diets (Franzolin and Dehority, 1996; Hristov et al., 2001 ). In our study, Isotrichidae protozoa were not affected by F:C ratio (P = 0.11) or FOR (P = 0.30), which may have been due to the relatively high pH values observed in HC-fed sheep in our study, which did not drop below 5.8 at any sampling time. Diplodiniinae and Ophryoscolecinae numbers were greater (P < 0.001) in sheep fed HC diets than in those receiving HF diets, although the differences did not reach the significance level (P < 0.05) for the G diets. In addition, Ophryoscolecinae numbers were greater (P < 0.001) in sheep fed G diets than in those fed A diets. The results indicate that feeding up to 70% of concentrate did not have any detrimental effect on any of the protozoa groups identified in our study.
In contrast with other studies in which fibrolytic activities in the rumen were not affected (Hristov et al., 2001) or decreased by increasing the proportion of concentrate in the diet (Hristov et al., 1999; Martin et al., 2001) , in the present study carboxymethylcellulase and xylanase activities were greater (P < 0.001) for HC compared with HF diets (Table 5 ). These controversial results could be partly explained by the increased ruminal pH values, which did not drop at any sampling time below 5.8 in sheep fed HC diets, but reached decreased values in the previously cited studies. Martin et al. (2001) found that the detrimental effect of concentrates on fiber degradation was not due to a modification of the balance of the cellulolytic bacteria, but only to a specific decrease in their fibrolytic activity. In our study, neither the numbers of cellulolytic bacteria nor their activity was negatively affected by feeding HC diets, which may have been related to the relatively high Table 4 . Effect of forage:concentrate ratio (F:C) and type of forage (FOR) on protozoa numbers in ruminal fluid from sheep fed diets with F:C ratios of 70:30 (HF) or 30:70 (HC) and alfalfa hay (A) or grass hay (G) as forage NDF content of the concentrate. In agreement with the literature (Martin and Michalet-Doreau, 1995; Hristov et al., 2001 ), increasing F:C ratio resulted in increased (P < 0.001) amylase activities in ruminal contents.
Plasma Metabolites and N Balance
Plasma concentrations of glucose and lactate dehydrogenase (Table 6) were within the range of values previously reported for sheep (Hatfield et al., 1998; Sako et al., 2007) and were not affected by F:C (P = 0.86 and 0.99, respectively) or FOR (P = 0.67 and 0.59). Plasma concentrations of urea-N were greater (P = 0.001) for HC compared with HF diets, but an interaction F:C × FOR was detected (P = 0.003). Whereas urea-N concentrations were 1.4 times greater for HCG than for HFG reflecting differences in N intake and ruminal NH 3 -N concentrations (Table 3) , similar urea concentrations were observed for HCA and HFA in spite of N intake being greater for sheep fed HCA than in those fed HFA (Table 6 ). The lack of differences in plasma urea-N concentration between the 2 A diets is in accordance with the similar ruminal NH 3 -N concentrations observed for both diets (Table 3) .
In agreement with Mackie and Gilchrist (1979) , plasma lactate concentrations tended to be greater (P = 0.06) for HC than for HF diets, but they were not affected by FOR (P = 0.89). Plasma concentrations of lactate dehydrogenase were similar for all diets (P = 0.99 and 0.59 for F:C and FOR, respectively), indi- Table 5 . Effect of forage:concentrate ratio (F:C) and type of forage (FOR) on enzymatic activities in ruminal fluid from sheep fed diets with F:C ratios of 70:30 (HF) or 30:70 (HC) and alfalfa hay (A) or grass hay (G) as forage Carboxymethylcellulase and amylase activities are expressed as micromoles of glucose released from carboxymethylcellulose and soluble starch, respectively, by 1 mL of ruminal fluid in 1 min at 39°C and pH 6.5. Xylanase activity is expressed as micromoles of xylose liberated from oat spelt xylan by 1 mL of ruminal fluid in 1 min at 39°C and pH 6.5. cating that changes in the diet did not stimulate this enzyme. These results are consistent with the lack of differences among diets in ruminal lactate concentrations (see Table 2 ) and the hypothesis that sheep did not develop acidosis with any of the diets used in this study. Nocek (1997) pointed out that when ruminal pH is maintained above 5.5, a balance and equilibrium exists between lactate producers and utilizers, such that lactic acid does not accumulate in the rumen. In our study ruminal pH was above 5.50 in all sheep at all sampling times (Figure 1 ), in accordance with this hypothesis. Fecal N excretion (g/d) was not affected by F:C (P = 0.32) but tended (P = 0.05) to be greater for A diets compared with diets containing G (Table 6 ). In agreement with previous results (Carro et al., 2000; Moorby et al., 2006) , urinary N excretion, expressed as a proportion of N intake, was not affected by dietary treatments (P = 0.23 and 0.60 for F:C and FOR effects, respectively). As a proportion of N intake, N retained ranged from 28.7 to 37.9%, and it was not affected by dietary treatments (P = 0.62 and 0.31 for F:C and FOR, respectively). These values are in the range of those previously reported in sheep fed diets differing in F:C ratio (Carro et al., 2000) . The results show that a similar amount of N was retained daily in sheep fed the experimental diets, with the exception of HFG-fed sheep.
Microbial N Flow
Total daily NAN flows were greater (P < 0.001) for HC compared with HF diets (Table 7) , and for A diets compared with diets containing G (P = 0.003). When NAN flow was expressed as a percentage of N intake, sheep fed HC diets tended (P = 0.07; value not shown) to have greater NAN flows than those fed HF diets (67.8, 75.4, 70.2, and 75 .7% for HFA, HCA, HFG, and HCG, respectively), thus reflecting a more efficient use of N.
In this study,
15
N was chosen as a microbial marker because previous work has shown that it is more accurate and precise than other markers (Perez et al., 1996; Carro and Miller, 2002; Ipharraguerre et al., 2007) . A greater enrichment of LAB compared with SAB has been widely reported (Carro and Miller, 2002; Ipharraguerre et al., 2007) , although no differences between the 2 bacterial fractions have been found in other studies (Firkins et al., 1987; Pérez et al., 1997) ; therefore, we decided to analyze whether the use of SAB or LAB as reference bacteria could affect the estimations of MNF obtained using 15 N as a microbial marker. In paired ttests, LAB had greater (P < 0.001; value not shown) 15 N enrichments than SAB, with mean values of 0.0871 and 0.0781, respectively (Table 7) . As a consequence of the differences in 15 N enrichment, estimates of MNF with SAB were 8.3, 7.1, 11.1, and 9.8% greater for HFA, HCA, HFG, and HCG diets, respectively, than those estimated by using LAB as reference. These differences are in the range of those reported by others (Carro and Miller, 2002; Ipharraguerre et al., 2007) . The use of LAB or SAB as reference detected the same differences among diets, indicating that although values were affected by the bacterial fraction, the interpretation of results was unchanged. The MNF was greater (P < 0.001) for HC compared with HF diets and for A diets compared with diets containing G. The decreased microbial N production found in G diets compared with A diets could be partially explained by the decreased intakes of energy and N (see Tables 2 and 6 ); the yield of microbial biomass is related to the amount of available energy and N. The values of efficiency of microbial synthesis, expressed as grams of microbial N per kilogram of OM apparently degraded in the rumen or as grams of microbial N per kilogram of OM truly degraded in the rumen, were in the range of those found in the literature in sheep fed diets differing in F:C ratio (Mathers and Miller, 1981; Perez et al., 1996; Archimède et al., 1997) . Independent of the bacterial fraction used as reference, efficiency of microbial synthesis was less (P < 0.001) for HF than for HC diets, but it was not affected by FOR (P = 0.10 and 0.18 for LAB and SAB, respectively), and no interactions F:C × FOR were detected (P = 0.61 and 0.48). The AFRC (1993) proposed mean values of 9 and 10 g of microbial CP per MJ of ME fermented in the rumen for sheep at maintenance and growth, respectively. Our values for HFA, HCA, and HCG were similar (9.0, 9.5, and 9.6, respectively; values not shown), but the lesser value found for diet HFG (7.7 of microbial CP per MJ of ME fermented in the rumen) indicates that microbial growth was limited in HFG-fed sheep.
The results show that the effects of feeding high proportions of a low-cereal concentrate to sheep were influenced by the basal forage in the diet. With both forages, increasing the proportion of concentrate from 30 to 70% resulted in increased efficiency of microbial synthesis. In general, only subtle differences in digestibility, ruminal fermentation, and N retention were found between HF and HC diets when A was used as forage, but total NAN and MNF to the duodenum were 1.3 times greater for HCA compared with HFA. This should be taken into account, especially when feeding high-producing sheep. Increasing the proportion of concentrate from 30 to 70% with grass hay as forage resulted in improved digestibility, N retention, and microbial synthesis. The results indicate that low-cereal content concentrates with high fiber content can be included in the diet of sheep up to 70% of the total diet without detrimental effects on ruminal activity or microbial synthesis efficiency.
